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57 ABSTRACT

III-nitride material structures including silicon substrates, as
well as methods associated with the same, are described.
Parasitic losses in the structures may be significantly
reduced which is reflected in performance improvements.
Devices (such as RF devices) formed of structures of the
invention may have higher output power, power gain and

(21) Appl. No.: 11/004,628 efficiency, amongst other advantages.
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IHI-NITRIDE MATERIAL STRUCTURES
INCLUDING SILICON SUBSTRATES

FIELD OF INVENTION

[0001] The invention relates generally to ITI-nitride mate-
rials and, more particularly, to gallium nitride material
structures including silicon substrates.

BACKGROUND OF INVENTION

[0002] IM-nitride materials include gallium nitride (GaN),
aluminum nitride (AIN), indium nitride (InN) and their
respective alloys (e.g., AlGaN, InGaN, AllnGaN and
AlInN). In particular, gallium nitride materials include gal-
lium nitride (GaN) and its alloys such as aluminum gallium
nitride (AlGaN), indium gallium nitride (InGaN), and alu-
minum indium gallium nitride (AllnGaN). These materials
are semiconductor compounds that have a relatively wide,
direct bandgap which permits highly energetic electronic
transitions to occur. Such electronic transitions can result in
gallium nitride materials having a number of attractive
properties including the ability to efficiently emit blue light,
the ability to transmit signals at high frequency, and others.

[0003] In many applications, Il-nitride materials are
grown on a substrate. However, property differences
between I1I-nitride materials (e.g., gallium nitride materials)
and many substrate materials can present challenges. For
example, gallium nitride materials (e.g., GaN) have a dif-
ferent thermal expansion coefficient (i.e., thermal expansion
rate) and lattice constant than many substrate materials and,
in particular, silicon. These differences may lead to forma-
tion of cracks and/or other types of defects in gallium nitride
material layers that are grown on silicon. In some methods,
a transition layer is used to mitigate the effects of these
differences in order to grow high quality gallium nitride
material on silicon. However, these differences (and others)
have limited commercialization of structures and devices
that include gallium nitride material formed on silicon
substrates.

[0004] IM-nitride materials (e.g., gallium nitride materials)
are being investigated in high frequency (e.g., RF) device
applications. When energy is dissipated in high frequency
devices through undesirable mechanisms, the performance
of the device may be impaired. These so-called parasitic
losses can reduce output power, power gain and efficiency.
Therefore, it is generally desirable to limit the parasitic
losses in high frequency (and other types of) devices.

SUMMARY OF INVENTION

[0005] The invention relates, in part, to I1I-nitride material
(e.g., gallium nitride material) structures including silicon
substrates and methods associated with the same.

[0006] In one aspect, a semiconductor structure is pro-
vided. The structure comprises a silicon substrate having a
resistivity of greater than 10> Ohms-cm. The silicon sub-
strate includes a top surface region having a peak free carrier
concentration of less than 10'7/cm®. A Ill-nitride material
region is formed over the top surface of the silicon substrate.

[0007] In another aspect, a semiconductor structure is
provided. The structure comprises a silicon substrate; and a
III-nitride material region formed on the silicon substrate.

Jun. &, 2006

The structure has a transmission line loss of less than 1.0
dB/mm over a frequency range between 0 and 5 GHz.

[0008] Other aspects, embodiments and features of the
invention will become apparent from the following detailed
description of the invention when considered in conjunction
with the accompanying drawings. The accompanying fig-
ures are schematic and are not intended to be drawn to scale.
In the figures, each identical, or substantially similar com-
ponent that is illustrated in various figures is represented by
a single numeral or notation. For purposes of clarity, not
every component is labeled in every figure. Nor is every
component of each embodiment of the invention shown
where illustration is not necessary to allow those of ordinary
skill in the art to understand the invention. All patent
applications and patents incorporated herein by reference are
incorporated by reference in their entirety. In case of con-
flict, the present specification, including definitions, will
control.

BRIEF DESCRIPTION OF DRAWINGS

[0009] FIG. 1 illustrates a structure including a ITI-nitride
material region formed on a silicon substrate according to
one embodiment of the invention.

[0010] FIG. 2 illustrates a transistor including a ITI-nitride
material region formed on a silicon substrate according to
one embodiment of the invention.

[0011] FIG. 3 shows a transmission line measurement
structure.

[0012] FIGS. 4A and 4B are respective carrier concen-
tration profiles obtained using SRP and SIMS for the com-
parative structures described in Example 1.

[0013] FIGS. 5A and 5B are respective carrier concen-
tration profiles obtained using SRP and SIMS for structures
of the invention described in Example 1.

[0014] FIG. 6 is a graph of transmission versus frequency
for a structure of the invention (line A) and a comparative
structure (line B) as described in Example 2.

[0015] FIG. 7 is a graph of transmission line versus
frequency for a structure of the invention as described in
Example 2.

DETAILED DESCRIPTION

[0016] The invention provides IlI-nitride material struc-
tures including silicon substrates, as well as methods asso-
ciated with the same. It has been discovered that parasitic
conducting channels can arise when growing Ill-nitride
materials (e.g., gallium nitride materials) on silicon sub-
strates, particularly on highly resistive silicon substrates
(e.g., resistivity of greater than 10> Ohm-cm). The parasitic
channel is typically formed at a top surface of the silicon
substrate and can provide a mechanism for undesired energy
absorption within the structure. As described further below,
methods of the invention include limiting the formation
and/or effect of such parasitic channels. The parasitic losses
in the resulting structures may be significantly reduced
which is reflected in performance improvements. For
example, devices (such as RF devices) formed of structures
of the invention may have higher output power, power gain
and efficiency, (even at higher operating frequencies)
amongst other advantages.
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[0017] FIG. 1 shows a semiconductor structure 10 accord-
ing to one embodiment of the invention. Structure 10
includes a III-nitride material region 12 formed on a silicon
substrate 14. As shown, one or more layers (e.g., layer 16)
may be formed between the substrate and the IIl-nitride
material region. The III-nitride material region may com-
prise a number of layers including an intermediate layer 18,
a transition layer 20 and a gallium nitride material layer 22,
amongst others. In the illustrative embodiment, a parasitic
conducting channel 24 is formed at (or proximate to) a top
surface 26 of the substrate. As described further below, the
carrier concentration in the parasitic conducting channel is
reduced by methods of the invention. Thus, parasitic losses
associated with undesired conduction through this channel
are minimized.

[0018] When a structure (e.g., layer and/or device) is
referred to as being “on” or “over” another structure (e.g.,
layer or substrate), it can be directly on the structure, or an
intervening structure (e.g., a layer, air gap) also may be
present. A structure that is “directly on” another structure
means that no intervening structure is present. It should also
be understood that when a structure is referred to as being
“on” or “over” another structure, it may cover the entire
structure, or a portion of the structure.

[0019] Ttis believed that the parasitic channel is formed by
the diffusion of dopants that are unintentionally introduced
into the silicon substrate prior to, or during, the growth of
layers/regions (e.g., lII-nitride material region) on the sub-
strate. As described further below, the dopants may include
the elements (e.g., Group III element(s) and/or nitrogen)
from the reactive species which participate in the reaction
that forms the III-nitride material region. For example, the
dopants may be gallium and/or aluminum; though, it should
be understood that other dopants may also contribute to
forming the parasitic channel. Once diffused into the sub-
strate, the dopants generate free carriers (i.e., electrons or
holes) which, in effect, form a conductive channel at the
substrate surface. As described further below, the conductive
channel is particularly significant in leading to parasitic
losses in structures formed on highly resistive silicon sub-
strates.

[0020] Advantageously, structures of the invention
include parasitic channels 24 having a reduced free carrier
concentration which results in lowering parasitic losses as
noted above. For example, the peak free carrier concentra-
tion (or, carrier concentration) may be less than about
10*7/cm®. In some embodiments, the peak free carrier con-
centration is less than about 5x10'%cm?; or, less than about
10*5/cm®. In some embodiments, the peak free carrier con-
centration may even be less than about 10'%/cm®. The
specific peak free carrier concentration may depend on a
number of factors including the particular methods used to
reduce carrier concentration described below. Free carrier
concentration may be measured using standard techniques
known to those of ordinary skill in the art including spread-
ing resistance profiling (SRP) and Secondary Ion Mass
Spectroscopy (SIMS).

[0021] The parasitic channel is formed in a top surface
region and extends for a depth (d) into the substrate surface.
In most cases, the parasitic channel extends to the top
surface, but it is possible for the top surface region to include
a thin portion at the top surface that is not parasitic and for
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the parasitic channel to be beneath that portion and, thus,
proximate to the top surface. In general, depth (d) is the
distance from the top surface at which the free carrier
concentration of the parasitic channel is equal to the free
carrier concentration of the bulk substrate. Thus, depth (d)
depends, in part, on the free carrier concentration of the bulk
substrate. In some embodiments, such as when the silicon
substrate is highly resistive, the free carrier concentration
may be less than about 10'%/cm> (e.g., 10'%/cm?). Typical
parasitic channel depths may be at least 1 micron and may
be less than about 5 microns.

[0022] Tt should be understood that portions of the para-
sitic channel having relatively low carrier concentrations
(e.g., less than about 10'%cm®) may not have a significant,
if any, impact on device performance.

[0023] The free carrier concentration in the parasitic chan-
nel typically decreases with distance from the substrate top
surface. For example, FIGS. 4A-5B are profiles of carrier
concentration versus depth from the top surface, as
described further in Example 1. One feature of the invention
is that the free carrier concentration is reduced at a given
depth. For example, at a depth of 1.0 micron from the
substrate surface, the carrier concentration may be less than
about 10'%/cm?; in some cases, less than about 5x10*%/cm?;
and, in some cases, less than about 10"*/cm?. Depth profiles
may be generated using the SRP and SIMS techniques noted
above.

[0024] As described above, substrate 14 is a silicon sub-
strate. As used herein, a silicon substrate refers to any
substrate that includes a silicon surface. Examples of suit-
able silicon substrates include substrates that are composed
entirely of silicon (e.g., bulk silicon wafers), silicon-on-
insulator (SOI) substrates, silicon-on-sapphire substrate
(SOS), and SIMOX substrates, amongst others. Suitable
silicon substrates also include substrates that have a silicon
wafer bonded to another material such as diamond, AIN, or
other polycrystalline materials. Silicon substrates having
different crystallographic orientations may be used, though
single crystal silicon substrates are preferred. In some cases,
silicon (111) substrates are preferred. In other cases, silicon
(100) substrates are preferred.

[0025] In certain preferred embodiments, the silicon sub-
strate (or at least the silicon portion of the substrate for
substrates that include a silicon portion formed on another
material) is highly resistive. For example, the resistivity of
the silicon substrate (or the silicon portion of the substrate)
may be greater than or equal to about 10> Ohms-cm. In some
cases, the resistivity of the substrate (or the silicon portion
of the substrate) may be greater than or equal to about 10*
Ohms-cm; or even, greater than or equal to about 10°
Ohms-cm.

[0026] Highly resistive silicon substrates may be particu-
larly preferred in structures that are used to form devices that
operate at high frequencies (e.g., RF devices). The high
resistivity can reduce so-called substrate losses which oth-
erwise may arise and sacrifice performance. These substrate
losses may render silicon substrates with lower resistivities
unsuitable in high frequency devices.

[0027] 1t has been observed that the parasitic channel
generally has a significantly greater effect in structures that
include highly resistive silicon substrates as compared to
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structures that include substrates having more conventional
resistivities (e.g., 0.01-0.1 Ohms-cm). Because silicon sub-
strates having more conventional resistivities typically have
bulk carrier concentrations on the order of 10'%/cm?, the
dopant diffusion phenomena described above may not sub-
stantially, or even at all, change the carrier concentration at
the substrate surface. Thus, a parasitic channel may not be
generated in such substrates. In contrast, the dopant diffu-
sion phenomena can have a significant effect on the carrier
concentration at the surface region in substrates having high
resistivities which typically have bulk carrier concentrations
on the order of 10'*/cm? or lower. For these reasons, it is
generally more critical to reduce the effects of the parasitic
channel in structures that include highly resistive silicon
substrates.

[0028] In the illustrative embodiment, layer 16 is formed
directly on the substrate. As described further below, layer
16 may be formed prior to introduction in to the reaction
chamber of reactive species (e.g., Al, Ga species) that react
to form the II-nitride material region. Thus, the layer forms
a barrier that limits, or prevents, dopant accumulation on the
silicon substrate surface, amongst other functions. Because
the dopant concentration accumulated on the silicon sub-
strate surface is reduced, dopant diffusion into the silicon is
also decreased which results in the parasitic conducting
channel having a lower conductivity. It should be under-
stood, however, that in some cases, some dopant diffusion
may occur through layer 16 and into the substrate.

[0029] Structures of the invention may include a layer
formed between the substrate and the Ill-nitride material
region. Thus, in these cases, the Ill-nitride material region
may be formed directly on the substrate. In some cases,
structures may include more than one layer between the
substrate and the III-nitride material region.

[0030] In certain preferred embodiments, layer 16 is
formed of a nitride-based material such as a silicon nitride-
based material. Silicon nitride-based materials include any
silicon nitride-based compound (e.g., Si,N,, such as SiN and
Si;N,, SiCN, amongst others) including non-stoichiometric
silicon nitride-based compounds. In some embodiments, a
SiN layer may be preferred. It is also possible for the layer
to be formed of other types of materials according to other
embodiments of the invention. Though all of the advantages
associated with silicon nitride-based materials may not be
achieved in these embodiments.

[0031] In some embodiments, it is preferable for layer 16
to have an amorphous (i.e., non-crystalline) crystal structure.
In some embodiments, the layer may have a single crystal or
poly-crystalline structure.

[0032] Insomeembodiments, itis preferred for layer 16 to
be very thin, particularly when formed of amorphous and/or
silicon nitride-based materials. It has been discovered that
very thin layers formed directly on the substrate may absorb
strain associated with lattice and thermal expansion differ-
ences between the substrate and overlying layers/regions
(e.g., llI-nitride material region). This absorption of strain
may reduce generation of misfit dislocations (and other
types of defects) and limit/prevent crack generation in the
overlying layers/regions

[0033] Suitable strain-absorbing layers which can also
function as a dopant diffusion barrier have been described in
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commonly-owned, co-pending U.S. patent application Ser.
No. 10/879,703, filed Jun. 28, 2004, entitled “Gallium
Nitride Materials and Methods Associated with the Same”
which is incorporated herein by reference and U.S. patent
application Ser. No. 10/886,506, filed Jul. 7, 2004, entitled
“III-Nitride Materials Including Low Dislocation Densities
and Methods Associated with the Same” which is incorpo-
rated herein by reference.

[0034] In some embodiments, layer 16 has a thickness of
less than about 100 Angstroms; and, in some cases, about 50
Angstroms. Layer 16 may have a thickness of greater than
about 10 Angstroms which, in these embodiments, is suffi-
cient to accommodate strain (e.g., resulting from lattice and
thermal expansion differences) and can facilitate forming a
layer that covers the entire substrate, as described further
below. In other embodiments, the layer may have a thickness
of greater than about 20 Angstroms to sufficiently accom-
modate strain. Suitable thickness ranges for the layer include
all of those defined by the ranges described above (e.g.,
greater than about 10 Angstroms and less than about 100
Angstroms, greater than about 10 Angstroms and less than
about 50 Angstroms, and the like).

[0035] Insome cases, the thickness of layer 16 is relatively
uniform across the entire layer. For example, in these cases,
the layer may have a thickness uniformity variation of less
than 25 percent, or less than 10 percent, across the entire
strain-absorbing layer.

[0036] As described further below, in some embodiments,
the layer when having a silicon nitride-based composition
may be formed by nitridating a top surface region of a
silicon substrate. That is, the surface region of the substrate
may be converted from silicon to a silicon nitride-based
material to form the layer. It should be understood that, as
used herein, such layers may be referred to as being “formed
on the substrate”, “formed over the substrate”, “formed
directly on the substrate” and as “covering the substrate”.
Such phrases also refer to layers that are formed by depos-
iting a separate layer (e.g., using a separate nitrogen source
and silicon source) on the top surface of the substrate and are
not formed by converting a surface region of the substrate.

[0037] In the illustrative embodiment, layer 16 covers
substantially the entire top surface of the substrate. This
arrangement may be preferable to minimize dopant diffusion
and the generation of dislocations in overlying regions. In
other embodiments, the layer may cover a majority of the
top surface of the substrate (e.g., greater than 50 percent or
greater than 75 percent of the top surface area).

[0038] As shown, IlI-nitride material region 12 is formed
on layer 16. It should be understood that the term “region”
may refer to one layer or may refer to a multiple layers.
Thus, the I1I-nitride material region may comprise a number
of II-nitride material layers or a single Ill-nitride material
layer. In some cases, the III-nitride material region may also
comprise a non-IlI-nitride material layer or feature.

[0039] As used herein, the term “III-nitride material”
refers to any Group III element-nitride compound including
boron nitride (BN), aluminum nitride (AIN), gallium nitride
(GaN), indium nitride (InN) and thalium nitride (TIN), as
well as any alloys including Group III elements and Group
V elements (e.g., Al,Ga, N, Al,In Ga, , »N, In, Ga,, N
AlIn, N, GaAs,P N . ALInGag , As PN )
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and the like). Typically, when present, arsenic and/or phos-
phorous are at low concentrations (i.e., less than 5 weight
percent). III-Nitride materials may be doped n-type or
p-type, or may be intrinsic.

[0040] In some preferred embodiments, the II-nitride
material region comprises a gallium nitride material, as
described further below. As used herein, the phrase “gallium
nitride material” refers to gallium nitride (GaN) and any of
its alloys, such as aluminum gallium nitride (Al,Ga,_,,N),
indium gallium nitride (In,Ga,,_,N), aluminum indium gal-
lium nitride (AL In Ga,_, N, gallium arsenide phosporide
nitride (GaAs,P,N, , ), aluminum indium gallium ars-
enide phosporide nitride (Al In Ga, . As,P N (),
amongst others. Typically, when present, arsenic and/or
phosphorous are at low concentrations (i.e., less than 5
weight percent). In certain preferred embodiments, the gal-
lium nitride material has a high concentration of gallium and
includes little or no amounts of aluminum and/or indium. In
high gallium concentration embodiments, the sum of (x+y)
may be less than 0.4, less than 0.2, less than 0.1, or even less.
In some cases, it is preferable for the gallium nitride material
layer to have a composition of GaN (i.e., x+y=0). Gallium
nitride materials may be doped n-type or p-type, or may be
intrinsic. Suitable gallium nitride materials have been
described in commonly-owned U.S. Pat. No. 6,649,287
which is incorporated herein by reference.

[0041] Inthe illustrative embodiment, the I1I-nitride mate-
rial region includes an intermediate layer 18. Although, it
should be understood that the intermediate layer is optional.
Suitable I1I-nitride material intermediate layers include, but
are not limited to, aluminum nitride-based materials (e.g.,
aluminum nitride, aluminum nitride alloys) and gallium
nitride materials. The intermediate layer typically has a
constant composition. Suitable intermediate layers are
described further below and have been described in U.S. Pat.
No. 6,649,287 incorporated by reference above.

[0042] 1t may be preferable for the intermediate layer to
have a single crystal structure. It may be advantageous for
the intermediate layer to have a single crystal structure
because it facilitates formation of a single crystal layers
(e.g., gallium nitride material layers) above the intermediate
layer. In some embodiments, the intermediate layer has a
different crystal structure than the substrate.

[0043] Tt should also be understood that the intermediate
layer may not have a single crystal structure and may be
amorphous or polycrystalline, though all of the advantages
associated with the single crystal intermediate layers may
not be achieved.

[0044] The intermediate layer may have any suitable
thickness. For example, the intermediate layer may be
between about 10 nanometers and 5 microns, though other
thicknesses are also possible.

[0045] Inthe illustrative embodiment, a transition layer 20
is formed directly on the intermediate layer. In some pre-
ferred embodiments, the transition layer also comprises a
III-nitride material region. In certain embodiments, it may
be preferred for the transition layer to be formed of a
compositionally-graded Ill-nitride material. Suitable com-
positionally-graded layers have been described in com-
monly-owned U.S. Pat. No. 6,649,287 which is incorporated
by reference above.
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[0046] Compositionally-graded transition layers have a
composition that is varied across at least a portion of the
layer. Compositionally-graded transition layers are particu-
larly effective in reducing crack formation in gallium nitride
material regions formed on the transition layer by lowering
thermal stresses that result from differences in thermal
expansion rates between the gallium nitride material and the
substrate (e.g., silicon). Compositionally-graded transition
layers may also contribute to reducing generation of screw
dislocations in the Ill-nitride material layer(s)/region(s)
(e.g., gallium nitride material layer(s)). In some cases, the
compositionally-graded transition layers may also contrib-
ute to reducing mixed and edge dislocation densities.

[0047] According to one set of embodiments, the transi-
tion layer is compositionally-graded and formed of an alloy
of gallium nitride such as Al,In Ga,, , 7N, Al,Ga, N, and
InyGa(l_y)N. In these embodiments, the concentration of at
least one of the elements (e.g., Ga, Al, In) of the alloy is
varied across at least a portion of the thickness of the
transition layer. When the transition layer has an Al In Ga,,_
wN composition, x and/or y may be varied. When the
transition layer has a Al,Ga, N composition, x may be
varied. When the transition layer has a In,Ga, ,N compo-
sition, y may be varied.

[0048] Incertain preferred embodiments, it is desirable for
the transition layer to have a low gallium concentration at a
back surface which is graded to a high gallium concentration
at a front surface. It has been found that such transition
layers are particularly effective in relieving internal stresses
within overlying gallium nitride material layers. For
example, the transition layer may have a composition of
Al Ga, )N, where x is decreased from the back surface to
the front surface of the transition layer (e.g., x is decreased
from a value of 1 at the back surface of the transition layer
to a value of 0 at the front surface of the transition layer).

[0049] In some preferred embodiments, structure 10
includes an aluminum nitride intermediate layer and a
compositionally-graded transition layer. In some preferred
embodiments, the compositionally-graded transition layer
has a composition of Al Ga,, )N, where x is graded from a
value of 1 at the back surface of the transition layer to a
value of 0 at the front surface of the transition layer. The
composition, for example, can be graded discontinuously
(e.g., step-wise) or continuously. One discontinuous grade
may include steps of AIN, Al, Ga,,N and Al, ,Ga,,N
proceeding in a direction toward the gallium nitride material
layer.

[0050] Tt should be understood that, in other cases, tran-
sition layer 20 may have a constant composition and may not
be compositionally-graded. In some cases (e.g., when the
substrate is not a silicon substrate), the transition layer may
have a constant composition. Suitable compositions include,
but are not limited to, aluminum nitride-based materials
(e.g., aluminum nitride, aluminum nitride alloys) and gal-
lium nitride materials. In these constant composition
embodiments, the transition layer may be similar to the
intermediate layer described above.

[0051] In some preferred embodiments, the II-nitride
material region includes a gallium nitride material layer. As
described further below, oftentimes, the structure includes
more than one gallium nitride material layer which form, in
part, the active region of the device.
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[0052] Preferably, gallium nitride material layer 22 has a
low crack level. As described above, the transition layer
(particularly when compositionally-graded) and/or interme-
diate layer may reduce crack formation. Gallium nitride
materials having low crack levels have been described in
U.S. Pat. No. 6,649,287 incorporated by reference above. In
some cases, the gallium nitride material region has a crack
level of less than 0.005 pm/pm?>. In some cases, the gallium
nitride material region has a very low crack level of less than
0.001 um/um?. In certain cases, it may be preferable for the
gallium nitride material region to be substantially crack-free
as defined by a crack level of less than 0.0001 pm/pm?.

[0053] In certain cases, gallium nitride material layer has
a single crystal (i.e., monocrystalline) structure. In some
cases, the gallium nitride material region includes one or
more layers having a Wurtzite (hexagonal) structure.

[0054] The thickness of the gallium nitride material layer
and the number of different layers are dictated, at least in
part, on the application in which the structure is used. At a
minimum, the total thickness of the gallium nitride material
layer(s) is sufficient to permit formation of the desired
structure or device. The total thickness of the gallium nitride
material layer(s) is generally greater than 0.1 micron, though
not always. In other cases, the total thickness is greater than
2.0 microns, or even greater than 5.0 microns.

[0055] Layer 16, intermediate layer 18 and transition layer
20 are not typically (though may be) part of the active region
of devices formed from structures of the invention. As
described above, these layers may be formed to facilitate
deposition of gallium nitride material layer 22. However, in
some cases, the intermediate layer and/or transition layer
may have other functions including functioning as a heat
spreading layer that helps remove heat from active regions
of the semiconductor structure during operation of a device.
For example, such transition layers that function as heat
spreading layers have been described in U.S. Patent Appli-
cation Publication No. 2002-0117695, published Aug. 29,
2002, entitled “Gallium Nitride Materials Including Ther-
mally-Conductive Regions,” which is incorporated herein
by reference.

[0056] Active regions of devices formed from the struc-
ture of the invention may be formed, in part, in one or more
gallium nitride material layer 22. For example, structures
may include multiple gallium nitride material layers (e.g.,
22a, 22b, 22¢) as shown in FIG. 2 and described further
below. Suitable gallium nitride material layer arrangements
have been described, for example, in commonly-owned,
co-pending U.S. patent application Ser. No. 10/740,376
entitled “Gallium Nitride Material Devices Including an
Electrode-Defining Layer and Methods of Forming the
Same,” filed Dec. 17, 2003, which is incorporated herein by
reference.

[0057] The semiconductor structures illustrated in FIG. 1
may form the basis of a variety of semiconductor devices.
Suitable devices include, but are not limited to, transistors
(e.g., FETs), as well as light-emitting devices including
LEDs and laser diodes. It may be particularly advantageous
to use structures of the invention in devices that operate at
high frequencies. The devices have active regions that are
typically, at least in part, formed within the IIl-nitride
material region (e.g., in one or more gallium nitride material
layer). Also, the devices include a variety of other functional
layers and/or features (e.g., electrodes).
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[0058] For example, FIG. 2 illustrates a FET device 30
according to one embodiment of the invention. Device 30
includes a source electrode 34, a drain electrode 36 and a
gate electrode 38 formed on a series of gallium nitride
material layers (22a, 225, 22¢). The device also includes an
electrode defining layer 40 which, as shown, is a passivating
layer that protects and passivates the surface of the gallium
nitride material region. A via 42 is formed within the
electrode defining layer in which the gate electrode is, in
part, formed. Layer 16 is formed directly on substrate 14 and
intermediate layer 18 is formed directly on layer 16.

[0059] In certain embodiments, it may be preferable for
the gallium nitride material of layer 2256 to have an alumi-
num concentration that is greater than the aluminum con-
centration of the gallium nitride material of layer 22a. For
example, the value of x in the gallium nitride material of
layer 226 (with reference to any of the gallium nitride
materials described above) may have a value that is between
0.05 and 1.0 greater than the value of X in the gallium nitride
material of layer 22a; or, between 0.05 and 0.5 greater than
the value of x in the gallium nitride material of layer 22a.
For example, layer 226 may be formed of Al, ,sGa, 14N,
while layer 22a is formed of GaN. This difference in
aluminum concentration may lead to formation of a highly
conductive region at the interface of the layers 225, 22a (i.e.,
a 2-D electron gas region). In the illustrative embodiment,
layer 22¢ may be formed of GaN.

[0060] 1t should be understood that other structures and
devices may be within the scope of the present invention
including structures and devices that are not specifically
described herein. Other structures may include other layers
and/or features, amongst other differences.

[0061] Methods of the invention include techniques for
limiting the diffusion of dopants into the silicon substrate
which, thus, reduces the carrier concentration in the parasitic
channel. Dopants generally diffuse into the substrate after
accumulating on the substrate surface, or on the surface of
a layer overlying the substrate through which the dopants
also diffuse. Thus, as described further below, the methods
may include limiting the accumulation of dopants on the
substrate (or overlying layer) surface.

[0062] As noted above, the source of the dopants that
diffuse into the substrate may be reactive species (e.g.,
gallium and/or aluminum) that participate in the reaction
that forms the Ill-nitride material region. These reactive
species may accumulate on the substrate (or overlying layer)
surface, for example, after being introduced into a reaction
chamber in which the substrate is placed, but prior to
formation of the III-nitride material region on the substrate.
In some cases, the accumulated dopants may be residual
reaction-by-products in the reaction chamber, for example,
from prior growth processes. Also, in some cases, dopants
may be accumulated on the substrate surface prior to the
substrate being introduced into the reaction chamber.

[0063] Methods of the invention may include using con-
ventional semiconductor processing techniques. Such pro-
cessing techniques generally involve growing layers on the
substrate in a process chamber under vacuum conditions.

[0064] Some methods may include cleaning the substrate
surface prior to growing overlying layers and, typically,
before introduction into the process chamber. The substrate
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surface may be cleaned to remove residual dopant species
that may diffuse into the substrate during processing. For
example, the substrate may be cleaned by wet chemical
cleaning agents such as buffered oxide etch (BOE), hydro-
fluoric acid (HF), RCA clean (which is a commercial,
proprietary silicon surface cleaning agent) etc. Substrates
may also be cleaned by a combination of such agents. The
surface of the silicon substrate may be cleaned with organic
solvents such as acetone, methanol, trichloroethylene, iso-
propyl alcohol etc to rid the surface of organic contamina-
tion.

[0065] In some embodiments, methods of the invention
may include controlling the residual (e.g., residual reaction
by-products) amounts of dopant in the process chamber. For
example, the amount of residual dopant may be reduced by
purging the chamber with a gas (e.g., NH;) while heating to
an elevated temperature, prior to introducing the substrate
into the chamber. Purging has been found to minimize
accumulation of reaction-by-products on reaction chamber
walls and components.

[0066] The methods of the invention may also include
counter-doping the surface region of the substrate to com-
pensate for the above-described diffusion of the dopant
species into the substrate. The counter-doping is performed
to reduce the net carrier concentration of the parasitic
conducting region. For example, if the dopant species that
diffuses into the substrate is p-type (e.g., Al, Ga); then, the
counter-doping step involves introducing an n-type dopant
into the surface region.

[0067] The counter-doping step may be performed in a
number of ways including growing a counter-doped epi-
taxial layer (e.g., ex-situ); and, implanting (or diffusing) a
counter-dopant into the substrate surface; and, implanting a
species using high energies such that the surface region
becomes non-conductive.

[0068] In embodiments in which a silicon nitride-based
material (e.g., amorphous SiN), layer is formed directly on
the substrate surface to function as a diffusion barrier
(amongst other features), the layer may be formed by
nitridating a top surface of the silicon substrate. In a nitri-
dation process, nitrogen reacts with a top surface region of
the silicon substrate to form a silicon nitride-based layer.
The top surface may be nitridated by exposing the silicon
substrate to a gaseous source of nitrogen at elevated tem-
peratures. For example, ammonia may be introduced into a
process chamber in which a silicon substrate is positioned.
The temperature in the process chamber may be between
about 1000° C. and about 1100° C. and the pressure may be
between about 20 torr and about 40 torr (in some cases,
about 30 torr). The reaction between nitrogen and the silicon
substrate is allowed to proceed for a reaction time selected
to produce a layer having a desired thickness.

[0069] It should be understood that other processes may be
used to form silicon nitride-based layers including processes
(e.g., CVD processes) that use separate nitrogen and silicon
sources. Also, when layer 16 is formed of another type of
material (non-silicon nitride-based material), other deposi-
tion processes known in the art are used.

[0070] In some embodiments, layer 16 may be formed
in-situ with overlying layers (e.g., Ill-nitride material
region) of the structure. That is, the layer may be formed
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during the same deposition step as the intermediate layer
(and, in some cases, subsequent layers).

[0071] The II-nitride material region may be formed
using known growth techniques.

[0072] According to one preferred method, the interme-
diate layer, transition layer and gallium nitride material layer
are grown using a metalorganic chemical vapor deposition
(MOCVD) process. It should be understood that other
suitable techniques known in the art may also be utilized to
deposit these layers including molecular beam epitaxy
(MBE), hydride vapor phase epitaxy (HVPE), and the like.

[0073] Generally, the MOCVD process involves introduc-
ing different reactive source gases (e.g., Al source gases, Ga
source gases, N source gases) into the process chamber and
providing conditions which promote a reaction between the
gases to form a layer. The reaction proceeds until a layer of
desired thickness is achieved. The composition of the layer
may be controlled, as described further below, by several
factors including gas composition, gas concentration, and
the reaction conditions (e.g., temperature and pressure).

[0074] In some embodiments, the methods of the inven-
tion include optimizing nucleation/growth conditions for the
III-nitride material region. The conditions are selected to
rapidly (i.e., shortly after introduction of the group III
reactive species and nitrogen reactive species) initiate the
growth of the III-nitride material region (e.g., intermediate
layer 18) on layer 16 (or substrate, when layer 16 is absent).
By reducing the time after introduction of the group III
element and nitrogen reactive species and the growth of the
III-nitride material region, the accumulation of reactive
species on the substrate (or overlying layer) surface is
reduced. The conditions are also selected to reduce the
resident time of the reactant species (e.g., Al species, Ga
species).

[0075] Those of ordinary skill in the art understand how to
select growth conditions that would result in rapid nucle-
ation of the Ill-nitride material and how to reduce resident
time of the reactant species. The conditions may be selected
to achieve the desired result by controlling, for example, the
nucleation temperature, substrate heat-up conditions, veloc-
ity and/or concentration of the of the reactive species. For
example, it generally is desirable to increase substrate heat
up times and increase reactive species gas velocity to
achieve these results. Although, the specific growth condi-
tions depend on the particular process and reactor.

[0076] Inprocesses that grow a silicon nitride-based mate-
rial layer by introducing a nitrogen source (e.g., ammonia)
into a reaction chamber as described above, a second source
gas may be introduced into the chamber after a selected time
delay after the nitrogen source. The second source reacts
with the nitrogen source to form an overlying layer (e.g.,
intermediate layer 18 of the III-nitride material region), thus,
ending growth of layer 16. For example, when the interme-
diate layer is formed of aluminum nitride, an aluminum
source (e.g., trimethylaluminum) is introduced into the
chamber at a selected time after the nitrogen source (e.g.,
ammonia). The time delay is selected so that the layer grows
to a desired thickness and to minimize accumulation of
dopants on the surface. The reaction between the second
source (e.g., aluminum source) and the nitrogen source is
allowed to proceed for a sufficient time to produce the
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intermediate layer. When the intermediate layer has a single
crystal structure, the reaction conditions are selected appro-
priately. For example, the reaction temperature may be
greater than 700° C., such as between about 1000° C. and
about 1100° C. In some cases, lower growth temperatures
may be used including temperatures between about 500° C.
and about 600° C.

[0077] Examples of suitable source gases for MOCVD
growth of the intermediate layer, transition layer and gallium
nitride material layer(s) include trimethylaluminum (TMA)
or triethylaluminum (TEA) as sources of aluminum; trim-
ethylindium (TMI) or triethylindium (TEI) as sources of
indium; trimethylgallium (TMG) or trimethylgallium (TEG)
as sources of gallium; and ammonia (NH;) as a source of
nitrogen. The particular source gas used depends upon the
desired composition of the layers. For example, an alumi-
num source (e.g., TMA or TEA), a gallium source (TMG or
TEG), and a nitrogen source are used to deposit films having
an Al Ga, N composition.

[0078] The flow rates of the source gases, the ratios of the
source gases, and the absolute concentrations of the source
gases may be controlled to provide transition layers and
gallium nitride material regions having the desired compo-
sition. For the growth of Al Ga, N layers, typical TMA
flow rates are between about 5 pmol/min and about 50
umol/min with a flow rate of about 20 umol/min being
preferred in some cases; typical TMG flow rates are between
about 5 umol/min and 250 pmol/min, with a flow rate of 115
pmol/min being preferred in some cases; and the flow rate of
ammonia is typically between about 3 slpm to about 10
slpm. Methods of the invention may include using relatively
high flow rates (and also higher gas velocities) which have
been found to be particularly effective in minimizing accu-
mulation of dopants.

[0079] The reaction temperatures are generally between
about 900° C. and about 1200° C. and the process pressures
are between about 1 Torr and about 760 Torr. It is to be
understood that the process conditions, and in particular the
flow rate, are highly dependent on the process system
configuration. Typically, smaller throughput systems require
less flow than larger throughput systems.

[0080] When forming a compositionally-graded transition
layer, process parameters may be suitably adjusted to control
the compositional grading. The composition may be graded
by changing the process conditions to favor the growth of
particular compositions. For example, to increase incorpo-
ration of gallium in the transition layer thereby increasing
the gallium concentration, the flow rate and/or the concen-
tration of the gallium source (e.g., TMG or TEG) may be
increased. Similarly, to increase incorporation of aluminum
into the transition layer thereby increasing the aluminum
concentration, the flow rate and/or the concentration of the
aluminum source (e.g., TMA or TEA) may be increased. The
manner in which the flow rate and/or the concentration of the
source is increased (or decreased) controls the manner in
which the composition is graded. In other embodiments, the
temperature and/or pressure is adjusted to favor the growth
of a particular compound. Growth temperatures and pres-
sures favoring the incorporation of gallium into the transi-
tion layer differ from the growth temperatures and pressures
favoring the incorporation of aluminum into the transition
layer. Thus, the composition may be graded by suitably
adjusting temperature and pressure.
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[0081] When depositing a transition layer or a gallium
nitride material layer (or an intermediate layer) having a
constant composition, however, the process parameters are
maintained constant so as to provide a layer having a
constant composition. When gallium nitride material regions
include more than one gallium nitride material layer having
different respective compositions, the process parameters
may be changed at the appropriate time to change the
composition of the layer being formed.

[0082] 1t should be understood that all of the layers/
regions on the substrate may be grown in the same process
(i.e., the strain-absorbing layer, intermediate layer, transition
layer and the gallium nitride material region). Or, respective
layers/regions may be grown separately.

[0083] The processes described involve growing the lay-
ers/regions (i.e., the strain-absorbing layer, intermediate
layer, transition layer and the gallium nitride material
region) in vertical growth processes. That is, these layers/
regions are grown in a vertical direction with respect to
underlying layers/regions (including substrate).

[0084] However, in other embodiments of the invention
(not shown), it is possible to grow, at least a portion of, the
gallium nitride material layer using a lateral epitaxial over-
growth (LEO) technique, for example, as described in U.S.
Pat. No. 6,051,849; or a pendeoepitaxial technique that
involves growing sidewalls of gallium nitride material posts
into trenches until growth from adjacent sidewalls coalesces
to form a gallium nitride material region, for example, as
described in U.S. Pat. No. 6,265,289.

[0085] Commonly-owned, co-pending U.S. patent appli-
cation Ser. No. 10/740,376 entitled “Gallium Nitride Mate-
rial Devices Including an Electrode-Defining Layer and
Methods of Forming the Same,” filed Dec. 17, 2003, which
is incorporated herein by reference above, further describes
techniques used to grow other layers and features shown in
the embodiment of FIG. 2.

[0086] It should also be understood that other processes
may be used to form structures and devices of the present
invention as known to those of ordinary skill in the art.

[0087] As described above, methods of the invention
include reducing the free carrier concentration in parasitic
channels formed at the surface of silicon substrates. The
parasitic losses in the resulting structures may be signifi-
cantly reduced which leads to performance improvements.
For example, devices (such as RF devices) formed of
structures of the invention may have higher output power,
power gain and efficiency, amongst other advantages.

[0088] One technique for characterizing the parasitic loss
in a structure (e.g., similar to the material structure shown in
FIG. 1) is to measure the transmission line loss.

[0089] Transmission line loss measurement techniques are
known to those of ordinary skill in the art. The techniques
involve measuring the power level of an input signal (e.g.,
RF or microwave) to a transmission line on a test structure
and measuring the power level of an output signal from the
test structure. The transmission line loss is the input signal
power level divided by the output signal power level. The
transmission line loss is typically represented in dB/mm
length of transmission line. The transmission line has known
dimensions, a known impedance and may be formed of
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conductors that are sufficiently conductive to ensure that
ohmic loss does not significantly effect transmission loss.
The transmission line loss may be measured as a function of
signal frequency.

[0090] An example of a measurement structure 50 suitable
for measuring transmission line loss of a material structure
(e.g., similar to the material structure shown in FIG. 1) is
shown in FIG. 3. The illustrated measurement structure has
an impedance of 50 Ohms and includes a center conductor
line 52 having a width of 110 microns. The center conductor
is separated from metallic strips 52a and 525 by 71 microns.
Regions 54 are exposed surface regions of the structure. It
should be understood that this is an example of a test
structure and that other suitable structures are possible.

[0091] Because of the reduction in the free carrier con-
centration in the parasitic channel, structure of the invention
have very low transmission line losses. The low transmis-
sion line losses are achievable at high frequencies and over
broad frequency ranges. For example, structures of the
invention have a transmission line loss of less than 1.0
dB/mm over a frequency range between 0 and 5 GHz, or
between 0 and 15 GHz. In some embodiments, structures of
the invention have a transmission line loss of less than 1.0
dB/mm over a frequency range between 0 and 26 GHz; and,
in some cases, a transmission line loss of less than 1.0
dB/mm over a frequency range between over 0 and 40 GHz.
In some cases, the transmission line loss may be less than 0.5
dB/mm over the above-noted frequency ranges.

[0092] The low transmission line loss, which is indicative
of low parasitic losses, makes structures of the invention
particularly attractive in high frequency (e.g., RF) applica-
tions.

[0093] The following Examples are not intended to be
limiting.

EXAMPLE 1

[0094] This example compares a structure produced
according to a method of the invention that includes a
parasitic channel having a reduced free carrier concentration
to a structure produced according to a conventional method
in which the free carrier concentration of the parasitic
channel is not reduced.

[0095] Both methods started with a 100 mm silicon sub-
strate (111) having a resistivity of greater than about 10*
ohm-cm. Both methods involved growing an AIN layer on
the substrates in a MOCVD reactor at a nominal growth
temperature of about 1030° C.

[0096] In the conventional method, the aluminum source
gas was introduced into the reactor chamber followed by
introduction of the nitrogen source gas.

[0097] In the method of the invention, the nitrogen source
gas was introduced into the reactor chamber prior to the
introduction of the aluminum source. This is believed to
form a silicon nitride layer directly on the surface of the
substrate which, as noted in the description above, can
function as a diffusion barrier for dopants that can create free
carriers in the substrate. The aluminum source gas and
nitrogen source gas flow velocities were also increased by a
factor of about two. This has the additional benefit of
reducing the residence time of the reactant and reaction

Jun. &, 2006

by-product species in the MOCVD reactor. The substrate
heat-up time was also decreased relative to the conventional
method (e.g., 7 minutes to 5 minutes).

[0098] The free carrier concentration as a function of
depth into the silicon substrate was measured for both
structures using SRP and SIMS. FIGS. 4A and 4B are the
respective carrier concentration profiles obtained using SRP
and SIMS for the comparative structures. FIGS. 5A and 5B
are the respective carrier concentration profiles obtained
using SRP and SIMS for the structures of the invention.

[0099] The profiles indicate that parasitic conductive
channels are formed in both structures which include a free
carrier concentration elevated with respect to the carrier
concentration of the bulk silicon (e.g., 10**/cm?). The struc-
tures of the invention have a peak free carrier concentration
in the parasitic channel of about 10'%/cm> which is signifi-
cantly lower (about 2 orders of magnitude) than the peak
free carrier concentration of about 10'®*/cm” in the conven-
tional structure. This significant difference is maintained
with increasing depth into the substrate. These differences
would translate into significantly lower parasitic losses in
structures of the invention as compared to conventional
structures.

[0100] This example establishes that methods of the
invention are effective in reducing the peak free carrier
concentration in the parasitic conducting channel which, in
turn, lowers parasitic losses associated with the resulting
structures.

EXAMPLES 2

[0101] This example compares structures produced
according to a method of the invention to a structure
produced according to a conventional method.

[0102] Both methods started with a 100 mm silicon sub-
strate (111) having a resistivity of greater than about 10*
ohm-cm. Both methods involved growth processes in an
MOCYVD reactor at a nominal growth temperature of about
1030° C. In both cases, an AIN intermediate layer was grown
on the silicon substrate; a compositionally-graded AlGaN
transition layer was grown on the intermediate layer; a GaN
layer was grown on the transition layer; and, an AlGaN layer
was grown on the GaN layer.

[0103] In the conventional method, the aluminum source
gas was introduced into the reactor chamber followed by
introduction of the nitrogen source gas at the start of the
growth process.

[0104] Inthe methods ofthe invention, the nitrogen source
gas was introduced into the reactor chamber prior to the
introduction of the aluminum source. This is believed to
form a silicon nitride layer directly on the surface of the
substrate which, as noted in the description above, can
function as a diffusion barrier for dopants that can create free
carriers in the substrate. The aluminum source gas and
nitrogen source gas flow velocities were also increased by a
factor of about two. This has the additional benefit of
reducing the residence time of the reactant and reaction
by-product species in the MOCVD reactor. The substrate
heat-up time was also decreased relative to the conventional
method (e.g., 7 minutes to 5 minutes).

[0105] Both structures were further processed to form
transmission line structures similar to that illustrated in FIG.
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3 and described above. Transmission line measurements
were conducted over a frequency range of 0 to 15 GHz for
both structures. Transmission line measurements were also
conducted over a frequency range of 0 to 26 GHz for
additional structures produced according to the methods of
the invention.

[0106] FIG. 6 illustrates transmission as a function of
frequency (0-15 GHz) for structures produced according to
the methods of the invention (A) and structures produced
according to the conventional method (B). As shown, the
transmission (normalized in dB/mm transmission line
length) is significantly higher (less negative) for structures
of the invention as compared to the conventional structures.
The transmission for the structures of the invention is
relatively constant and approaches O (greater than -0.5
dB/mm) over the entire frequency range; while, the trans-
mission for the conventional structures decreases signifi-
cantly with increasing frequency. It should be understood
that transmission line loss is the negative of transmission.
Thus, the structures of the invention have a very low
transmission line loss (e.g., less than 0.5 dB/mm) over the
entire frequency range.

[0107] FIG. 7 illustrates transmission as a function of
frequency (from 0-26 GHz) for structures produced accord-
ing to the methods of the invention. The results are similar
to those in FIG. 6, though illustrate that the low transmission
line loss is achievable over even greater frequency ranges.

[0108] This example establishes that methods of the
invention are effective in reducing transmission line loss
which is a result of reduced parasitic losses. Thus, devices
formed using these structures are particularly attractive in
high frequency applications.

[0109] Having thus described several aspects of at least
one embodiment of this invention, it is to be appreciated
various alterations, modifications, and improvements will
readily occur to those skilled in the art. Such alterations,
modifications, and improvements are intended to be part of
this disclosure, and are intended to be within the spirit and
scope of the invention. Accordingly, the foregoing descrip-
tion and drawings are by way of example only.

What is claimed is:
1. A semiconductor structure comprising:

a silicon substrate having a resistivity of greater than 10*
Ohms-cm, the silicon substrate including a top surface
region having a peak free carrier concentration of less
than 10'7/cm?; and

a [[I-nitride material region formed over the top surface of

the silicon substrate.

2. The structure of claim 1, wherein the silicon substrate
has a resistivity of greater than 10* Ohms-cm.

3. The structure of claim 1, wherein the silicon substrate
includes a bulk region below the top surface region, the bulk
region having a lower peak carrier concentration than the top
surface region.

4. The structure of claim 3, wherein the bulk region is
doped with a first carrier type and the top surface region is
doped with a second carrier type.

6. The structure of claim 3, wherein the peak carrier
concentration in the bulk region is less than 10"%/cm?.

7. The structure of claim 1, wherein the top surface region
extends to a depth of at least 1.0 micron.
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8. The structure of claim 1, wherein the top surface region
has a peak carrier concentration of less than 10*%cm®.

9. The structure of claim 1, wherein the carrier concen-
tration of the top surface region decreases in a direction
away from the top surface.

10. The structure of claim 1, further comprising a silicon
nitride-based material layer formed between the silicon
substrate and the III-nitride material region.

11. The structure of claim 10, wherein the silicon nitride-
based material layer has a thickness between about 10
Angstroms and about 50 Angstroms.

12. The structure of claim 1, wherein the III-nitride
material region comprises a gallium nitride layer.

13. The structure of claim 1, wherein the III-nitride
material region comprises an aluminum nitride layer.

14. The structure of claim 1, wherein the III-nitride
material comprises a transition layer formed between the
silicon substrate and the gallium nitride material region,
wherein the concentration of gallium increases in a direction
away from the silicon substrate.

15. The structure of claim 1, wherein the structure is a
transistor.

16. The structure of claim 1, wherein the top surface
region comprises dopants that create, in part, the free
carriers.

17. The structure of claim 1, wherein the dopants com-
prise gallium and/or aluminum.

18. The structure of claim 1, wherein the dopants com-
prise species that react to form the IlI-nitride material
region.

19. A semiconductor structure comprising:

a silicon substrate; and

a Ill-nitride material region formed on the silicon sub-
strate, wherein the structure has a transmission line loss
of less than 1.0 dB/mm over a frequency range between
0 and 5 GHz.

20. The structure of claim 19, wherein the structure has a
transmission line loss of less than 1.0 dB/mm over a
frequency range between 0 and 15 GHz.

21. The structure of claim 19, wherein the structure has a
transmission line loss of less than 1.0 dB/mm over a
frequency range between 0 and 26 GHz.

22. The structure of claim 19, wherein the silicon sub-
strate has a resistivity of greater than 10> Ohms-cm.

23. The structure of claim 19, wherein the silicon sub-
strate has a resistivity of greater than 10* Ohms-cm.

24. The structure of claim 19, wherein the silicon sub-
strate includes a top surface region having a peak free carrier
concentration of less than 10'7/cm®.

25. The structure of claim 24, wherein the top surface
region having a peak free carrier concentration of less than
10"%cm’.

26. The structure of claim 19, wherein the carrier con-
centration of the top surface region decreases in a direction
away from the top surface.

27. The structure of claim 19, wherein the silicon sub-
strate includes a bulk region below the top surface region,
the bulk region having a lower peak carrier concentration
than the top surface region.

28. The structure of claim 19, further comprising a silicon
nitride-based material layer formed between the silicon
substrate and the III-nitride material region.
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29. The structure of claim 19, wherein the III-nitride
material region comprises a gallium nitride layer.

30. The structure of claim 19, wherein the III-nitride
material region comprises an aluminum nitride layer.

31. The structure of claim 19, wherein the III-nitride
material comprises a transition layer formed between the
silicon substrate and the gallium nitride material region,
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wherein the concentration of gallium increases in a direction
away from the silicon substrate.

32. The structure of claim 19, wherein the top surface
region comprises dopants that create, in part, the free
carriers.

33. The structure of claim 32, wherein the dopants com-
prise gallium and/or aluminum.
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